We performed a first-principles molecular dynamics (FPMD) simulation of the interfacial reactions between a LiCoO 2 electrode and a liquid ethylene-carbonate (EC) electrolyte. For configurations during the FPMD simulation, we also performed first-principles Co K-edge XANES (X-ray absorption near-edge structure) simulations, which can properly reproduce the bulk and surface spectra of LiCoO 2 . We observed strong absorption of an EC molecule on the LiCoO 2 {110} surface, 
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I. INTRODUCTION
Rechargeable Li-ion batteries (LIBs) with high energy density are indispensable components for new electric motorization, while significant improvement of cycle durability is essential for the long time usage in electric vehicles. It is well known that there exist reaction barriers for Li ions to pass through electrode-electrolyte interfaces, depending on the kinds of electrode and electrolyte materials and on the status of surfaces or interfaces.
These barriers seriously affect the degradation of LIBs. Thus it is important to investigate detailed reactions at the electrode-electrolyte interface during the charge-discharge cycle so as to understand the degradation mechanism.
For this purpose, in-situ nano-scale characterization techniques have been extensively developed.
1 X-ray absorption spectroscopy (XAS) has become increasingly important for the structural and chemical characterization of electrode materials and their changes in LIBs.
In the case of transition-metal oxide cathode materials, the X-ray absorption near-edge structures (XANES) is able to provide sensitive information on chemical bonding, valence states, and coordination around a target atom. Recently, in-situ K-edge XANES has been applied to clarify valence changes of transition-metal ions in Li-rich solid-solution layered cathode material Li 2 MnO 3 -LiAO 2 (A=Co, Ni, etc) during the charge-discharge process, in order to understand the high capacity mechanism of this material. 2 In-situ observation using total-reflection fluorescence XAS (TRF-XAS) has been also applied to identify the chemical reactions at the interface between a LiCoO 2 electrode and a liquid electrolyte as a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC). 3 LiCoO 2 is a typical cathode material, frequently used in LIBs in these two decades. Significant changes in Co K-edge XANES spectra were observed by electrolyte soaking, and it was concluded that the reduction of Co 3+ ions occurred within a depth of a few nanometers from the surface of the electrode, based on theoretical estimation of high concentration of anti-site Co ions on the Li sites caused by a very low oxygen chemical potential due to the contact with the liquid electrolyte.
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On the theoretical side, first-principles molecular dynamics (FPMD) simulations based on density-functional theory (DFT) for electrode-electrolyte interfaces in LIBs should be very effective to clarify possible interfacial reactions, although computational costs of such the effective Hubbard-U parameter U eff = U − J = 5.0 eV for Co 3d orbitals is adopted.
The plane-wave energy cutoff is set to 544 eV (=40Ry). The intensity of XANES can be approximated within the single-particle approximation
wherehω, k and ǫ are the energy, the wave number vector and the polarization-direction vector of the incident X ray, and r is the position operator. E c is the total energy of the initial ground-state system, including core electrons, and E f is the total energy of the final system excited by X-ray irradiation, containing an excited electron and a core hole. φ c and φ f are conceptually many-body wave functions of all the electrons in the initial and final systems, while practically we use one-particle wave functions of a core orbital and an excited state of the final system, respectively. Within the dipole approximation, the above equation can be rewritten as
where ǫ
For a polarized X-ray beam, the direction-dependent (x, y, and z) spectra can be theoretically simulated by calculating the corresponding polarization vector ǫ. Unless otherwise noted, theoretical spectra are averaged over all directions, i.e., ǫ To model a liquid EC (C 3 H 4 O 3 ) electrolyte, we prepare a monoclinic cell. The lengths of a and b axes are common with the LiCoO 2 surface supercell shown in Fig. 1 , and the length of c axis is set to reproduce experimental density of 1.32 g/cm 327 for ten EC molecules. We put EC molecules at equally spaced sites as an initial configuration, and optimized atomic positions by performing a FPMD simulation in 4000 steps at 500 K, and finally obtained the liquid EC model.
To construct a LiCoO 2 -EC interface model, we put the monoclinic box of the liquid EC at the position of 2Å from the surface of the LiCoO 2 slab for both sides, resulting in two inequivalent interfaces in the supercell as shown in Fig. 3 , where total 228 atoms are contained. To smooth these interfaces, we performed a full FPMD simulation of the supercell at 200 K. Chemical reactions were observed only at one-side interface, which will be analyzed in the next section.
B. FPMD simulation results
We performed a FPMD simulation of the interface model in 3000 steps at 600 K. We kept the temperature higher than that at which LIBs are usually operated to accelerate chemical reactions. We observed following behaviors as shown in Figure 6 shows the calculated Co K-edge spectrum for bulk LiCoO 2 in comparison with an experimental one. 2 The calculated spectrum is shifted to lower energy by 27.5 eV to match the highest peak of the experimental one. We introduced one core hole as two halves of both spins in calculating the absolute transition energy in our code, while the (ǫ x, y) spectra consist of double peaks. Thus, the highest peak C is composed of (ǫ x, y) and (ǫ z), and the second highest peak D is composed of only (ǫ x, y). In order to interpret the XANES spectra compared to the electronic structure, unoccupied PDOSs eV as in Fig. 6 , and compared with experimental spectra. 2 region, namely around the peaks B, C and D. In Fig. 10 (b) , we can see a remarkable decrease at the highest peak C and a remarkable increase around the peak B as a shoulder.
C. XANES simulation results
These changes are quite similar to those observed in the in-situ XANES observation of LiCoO 2 under electrolyte soaking. 3 In Fig. 10 (c) , we show the Co K-edge spectrum from each surface Co atom at 1.34 ps. As discussed above, Co1 is in S = 1 spin state with five and surface Li release, should induce remarkable changes in the surface-Co K-edge spectra.
IV. DISCUSSION
In the present study, we investigated interfacial reactions between a because of five coordination for Co 3+ ions on the {104} surface, compared to the four coordination on the {110} surface. In the sample used for TRF-XAS observation in ref. 3 , the c-axis of LiCoO 2 was tilted from the normal of the substrate and the in-plane orientation was random, but the coordination of surface Co ions was not clear. It can be thought that the reactivity of the {110} surface is higher than that of the {104} surface, which may lead to the present spontaneous reactions during a rather short period of the FPMD simulation in addition to the effect of slightly high temperature. Of course, it is desirable to perform further FPMD simulations dealing with various kinds of LiCoO 2 surfaces and electrolytes with multiple components in the future. However, note that the present phenomenon observed in the FPMD and XANES simulations has some generality as follows; one oxygen atom is negatively charged in EC, leading to the adsorption onto a positively-charged surface Co atom, and the local environment change of the surface Co atom induces remarkable electronic-structure change, due to the sensitivity of 3d states. This may possibly occur as initial reactions in any systems of LiCoO 2 surfaces in contact with EC in a liquid state.
As mentioned in Introduction, the origin of experimental spectrum changes by electrolyte soaking was attributed to the reduction of Co 18
